Mosquitoes rely heavily on the olfactory system to find a host for a bloodmeal, plants for a 14 source of energy and suitable sites for oviposition. Here, we examined a cluster of 8 15 odorant receptors (ORs), which includes one OR, CquiOR1, previously identified to be 16 sensitive to plant-derived compounds. We cloned 5 ORs from Culex quinquefasciatus and 2 17
Introduction

35
Mosquitoes rely on the olfactory system to find plants as a source of carbohydrates, hosts 36 for bloodmeals, and oviposition sites. Because pathogens might be transmitted during a bite 37 by an infected mosquito, there is understandably a great deal of interest in unraveling the 38 olfactory aspects of human-mosquito interactions (Bradshaw et al., 2018) these ORs, CquiOR1, belongs to a cluster of 6 ORs from the Southern house mosquito and 47 2 ORs from the yellow fever mosquito, Aedes (=Stegomyia) aegypti (Fig. S1 ). Specifically, 48
CquiOR2, CquiOR4, AaegOR14, AaegOR15, CquiOR5, CquiOR84, and CquiOR85. Of 49 note, CquiOR2 (VectorBase, CPIJ0000542) is not the previously reported oviposition 50 attractant-detecting OR2 (Pelletier et al., 2010), which has been renamed CquiOR121 51 (CPIJ014392) (Leal et al., 2013) . We cloned CquiOR2 (Genbank, MG280964) and the 52 other ORs in this cluster (CquiOR4, MG280965, AaegOR14, MN227017, AaegOR15, 53 MN227018, CquiOR5, MG280966, CquiOR84, MN227015, and CquiOR85, MN227016) 54 and deorphanized them. Here, we report that these receptors, particularly CquiOR4, 55
CquiOR5, and AaegOR15 are very sensitive to plant-derived compounds, including 56 repellents. CquiOR4, for example, which is very specific to female antennae, with high and 57 low transcript levels in nonblood fed and blood-fed mosquitoes, respectively, showed a 58 robust response to the natural repellent 2-phenylethanol. Repellency activity elicited by 2-59 phenylethanol reduced significantly in CquiOR4-dsRNA-treated mosquitoes, but it was 60
unchanged when these mosquitoes were tested against DEET, which is detected with 61 another receptor (Xu et al., 2014 Bioscience, Austin, TX). Then, the oocytes were kept at 18 o C for 3-7 days in modified 108
Barth's solution [NaCl 88 mM, KCl 1 mM, NaHCO3 2.4 mM, MgSO4 0.82 mM, Ca(NO3)2 109 0.33 mM, CaCl2 0.41 mM, HEPES 10 mM, pH 7.4] supplemented with 10 mg/mL of 110 gentamycin, 10 mg/mL of streptomycin. Odorant-induced currents at holding potential of -111 80 mV were collected and amplified with an OC-725C amplifier (Warner Instruments, 112
Hamden, CT), low-pass filtered at 50 Hz and digitized at 1 kHz. Data acquisition and 113 analysis were carried out with Digidata 1440A and pCLAMP 10 software (Molecular 114
Devices, LLC, Sunnyvale, CA). The panel of odorants included the following compounds: 115 1-butanol, 1-pentanol, 1-hexanol, 1-heptanol, 1-octanol, 1-nonanol, 1-dodecanol, 2,3-116 butanediol, 2-butoxyethanol, 3-methyl-1-butanol, 2-hexen-1-ol, 3-hexen-1-ol, 1-hexen-3-ol, 117 1-hepten-3-ol, 3-octanol, 1-octen-3-ol, 2-octanol, 2-butanol, 2-nonen-1-ol, 2-pentanol, 4-118 methylcyclohexanol, 1-hexadecanol, 3-pentanol, 3-methyl-2-butanol, 3-methyl-2-buten-1-119 ol, 2-methyl-3-buten-2-ol, propanal, butanal, pentanal, isovaleraldehyde, hexanal, (E)-2- blood-impregnated cotton plugs, and filter paper rings were placed in the arena, CO2 was 236 started, and the assays were recorded with a camcorder equipped with Super NightShot 237
Plus infrared system (Sony Digital Handycan, DCR-DVD 810). 238
During the assay, the arena was inspected with a flashlight whose lens was covered with a 239 red filter. After 5 min, the number of females that landed and continued to feed on each 240 side of the arena was recorded. Insects were gently removed from the cotton rolls, and the 241 assays were reinitiated after rotation of sample and control. Thus, repellency for each set of 242 test mosquitoes was measured with the filter paper impregnated with the same sample at 243 least once on the left and once on the right side of the arena. After three runs, filter paper 244 strips and cotton plugs were disposed of, and new loads were prepared. We cloned the cDNAs for CquiOR2, CquiOR4, CquiOR5, CquiOR84, CquiOR85, 264
AaegOR14, and AaegOR15, which are clustered (Fig. S1 ) along CquiOR1 (Xu et al., 265 oocytes for deorphanization. We expected that the odorant profiles for these receptors 267 would resemble that of CquiOR1 (Xu et al., 2013), but found marked differences. For 268 example, three floral compounds elicited robust currents on CquiOR4/CquiOrco-expressing 269 oocytes. Specifically, these oocytes were very sensitive to 2-phenylethanol, phenethyl 270 formate, and, propionate (Fig. 1) . To obtain more information about the sensitivity of the 271 CquiOR4 + CquiOrco receptor, we performed concentration-response analyses for the three 272 best ligands. Currents elicited by 2-phenylethanol were already saturated at the normal 273 screening dose of 1 mM. Thus, we performed these analyses with concentrations in the 274 range of 0.1 µM to 0.1 mM (Fig. 2 ). 2-Phenylethanol was indeed the most potent of the 275 compounds in our panel, activating CquiOR4+CquiOrco with EC50 of 28 nM. 276
CquiOR5 + CquiOrco receptor showed a quite different profile, with the three best ligands 277 being linalool, p-methane-3,8-diol (PMD) and linalool oxide (Fig. 3) . Although the 278 responses were not as robust as those elicited by the best ligands for CquiOR4 + CquiOrco, 279 they were dose-dependent ( Fig. S2 ). Linalool activated CquiOR5/CquiOrco-expressing 280 oocytes with an EC50 of 574 nM. By contrast, no compounds in our panel elicited relevant 281 currents in CquiOR2/CquiOrco-expressing oocytes, except for isopentyl acetate (Fig. S3A) . 282
On the other hand, CquiOR84/CquiOrco-expressing oocytes responded with large currents 283 when challenged with N-(2-isopropyl-phenyl)-3-methyl-benzamide or PMD (Fig. S3B) . 284
Similar responses were recorded with CquiOR85 + CquiOrco receptor. 285
The two receptors from Ae. aegypti in the cluster, ie, AaegOR14 and AaegOR15, gave 286 remarkably different responses in terms of profile and sensitivity. AaegOR14/AaegOrco-287 expression oocytes elicited only weak currents when challenged with 4-methylphenol and 288 4-ethylphenol ( Fig. S3C ). By contrast, AaegOR15/AaegOrco-expressing oocytes generated 289 dose-dependent, robust currents when challenged with phenethyl proprionate, phenethyl 290 formate, and acetophenone ( Fig. 4) . As far as the two major ligands are concerned, 291
AaegOR15 profile resembles that of CquiOR4 + CquiOrco. 292 293
Tissue Expression Analysis 294
The best ligands for CquiOR4 and CquiOR5 have been previously reported to have 295 repellency activity, particularly the commercially available PMD and 2-phenylethanol 296 (USDA, 1947). To get a better insight into the possible role of these receptors in repellency 297 behavior, we performed qPCR analyses. We surmised that transcript levels of the receptor 298 for repellents and host attractants would decrease after a blood meal, whereas transcripts of 299 receptors involved in the reception of oviposition attractants would increase. Transcript 300 levels of CquiOR4 decreased significantly (P = 0.0122) after a blood meal (Fig. 5A) . 301
Additionally, this receptor was highly enriched in female antennae, with only basal levels 302 in maxillary palps, proboscis and legs ( Fig. 5A ) thus further supporting a possible role in 303 hosting finding or repellency activity. By contrast, transcript levels of CquiOR5 did not 304 change significantly after a blood meal (Fig. 5B) . Moreover, this receptor is not specific to 305 or enriched in female antennae. We found high transcript levels in the proboscis, maxillary 306 palps, and legs (Fig. 5B) . 307 308
Repellency Assays 309
Previously, 2-phenylethanol has been tested against the yellow fever mosquito (USDA, 310 1947) and reported to be active between 61 to 120 min. Using our surface landing and 311 feeding assay (Leal et al., 2017; Xu et al., 2014), we tested repellency activity against the 312 Southern house mosquito. In our preliminary assessment, 0.01% 2-phenylethanol gave 313 34.5±6.1 % protection (n =8), whereas at 0.1% it provided significantly higher protection 314 66.8±2.7 % (n = 7, Mann-Whitney test, P= 0.0003). We then compared 2-phenylethanol-315 elicited protection with that obtained with DEET, both at 1% and they showed comparable 316 activity: DEET, 98.7±0.9%; 2-phenylethanol, 96.1±2.1% (n = 10 each; Mann-Whitney test, 317 P = 0.6313). It is noteworthy mentioning that 2-phenylethanol is more volatile than DEET; 318 thus, it may appear as strong as DEET, but may lose activity more rapidly, consistent with 319 the earlier tested against Ae. aegypti (USDA, 1947). One of the main features of DEET is a 320 long complete protection time. 321 322
Attempts to Link Odorant Reception with Repellency Activity 323
We performed RNAi experiments to test whether reducing transcript levels of CquiOR4 324 would affect repellency activity. Similarly, we tested CquiOR5 vis-à-vis the best ligands. 325
First, we compared the transcript levels of these genes in water-, β-galactosidase-dsRNA-326
and CquiOR4-dsRNA-injected mosquitoes. Transcript levels of CquiOR4 decreased 327 significantly (P = 0.0003, unpaired, two-tailed t-test) in knockdown mosquitoes (Fig. S4A) . 328
Similarly, CquiOR5-dsRNA-treated mosquitoes had significantly lower transcripts of 329
CquiOR5 than mosquitoes injected with water (P = 0.0013, unpaired, two-tailed t-test) or β-330 galactosidase-dsRNA. 331
Next, RNAi-treated mosquitoes were used to compared repellency activity. Because RNAi 332 treatment reduced transcript levels only by ca. 60%, it is important to test repellency at low 333 doses, otherwise, a possible link between reception and behavior may be overlooked. When 334 tested at 0.01%, protection conferred by 2-phenylethanol, albeit low, was significantly 335 reduced (n = 12-15, Mann-Whitney test, P=0.0062) (Fig. 6A) . At a higher dose (0.1%), 2-336 phenylethanol-elicited protection is lower in CquiOR4-dsRNA-treated than in 337 β-galactosidase-dsRNA-treated mosquitoes, but there was no significant difference (n = 6-338 7, Mann-Whitney test, P = 0.2191). By contrast, DEET-elicited repellency in these two 339 groups of mosquitoes was not significantly different (n = 4, Mann-Whitney test, P > 0.999) 340 ( Fig. 6A) . 341
Measuring linalool-elicited repellency activity at 0.1% showed a non-significant reduction 342 of protection in CquiOR5-dsRNA-treated mosquitoes as compared to β-galactosidase-343 dsRNA-treated mosquitoes (n = 11-16, Mann-Whitney test, P = 0.567) (Fig. 6B) . Likewise, 344 protection by PMD was also reduced, but not significantly different (n=12-16, Mann-345 Whitney test, P = 0.1411) (Fig. 6B ). There was no significant difference in repellency 346 (protection) elicited by DEET (n = 12, Mann-Whitney test, P = 0.2571) (Fig. 6B) . Attempts 347 to test repellency at lower doses were unrewarding. At 0.05% linalool, 56±5.1% of 348 mosquitoes responded to the control side of the arena, whereas 44±5% responded to 349 treatment (n =6). Likewise, PMD at 5% provided no protection: control, 51.7±2%; 350 treatment, 48.2±2%. Thus, we were unable to test the effect of RNAi treatment on 351 repellency activity at lower than 0.1% dose. 352
In conclusion, repellency activity mediated by linalool and PMD might involve multiple 353 receptors. Here, we show that PMD activates not only CquiOR5, but also CquiOR84/85. 354
Previously, we showed that PMD activated a DEET receptor in the Southern house shown next to the branches (Felsenstein, 1985) . The tree is drawn to scale, with branch 483 lengths in the same units as those of the evolutionary distances used to infer the 484 phylogenetic tree. The evolutionary distances were computed using the p-distance method 485 
